INTRODUCTION
============

Vesicular glutamate transporters (VGLUT) are involved in the uploading of cytoplasmic glutamate into synaptic vesicles and thus play an important role in the glutamatergic synaptic transmission \[[@b1-en-28-451], [@b2-en-28-451]\]. VGLUT1 and VGLUT2, two major isoforms of VGLUT in the brain, are expressed in two functionally-distinct subpopulations of glutamatergic synapses that differ in their probability of transmitter release and capacity for synaptic plasticity and are routinely used as markers for these synapses \[[@b1-en-28-451], [@b2-en-28-451]\].

The glutamatergic synapses on jaw-closing (JC) motoneurons in the brain stem mediate smooth and rhythmical movements of the jaw during mastication \[[@b3-en-28-451]\]. α-Motoneurons and γ-motoneurons, which innervate extrafusal and intrafusal fibers in the JC muscle, respectively, differ in their morphological and electrophysiological properties, and in the distribution pattern of the inhibitory synapses they receive \[[@b4-en-28-451], [@b5-en-28-451]\]. We recently reported distinct synaptic morphology and distribution patterns of VGLUT-immunopositive (+) boutons on the Jaw-closing (JC) and -opening (JO) α-motoneurons: while JC α-motoneurons receive synapses from numerous VGLUT1+ trigeminal mesencephalic neurons that innervate muscle spindles, JO α-motoneurons rarely receive synapses from VGLUT1+ neurons \[[@b6-en-28-451]\]. However, little information is available about glutamatergic synapses on the JC γ-motoneurons that play a crucial role in isometric contraction of the JC muscle, i.e., contraction of JC muscle without change in its length and with increasing contraction strength, during chewing food.

To help understand better the mechanism of regulation of isometric contraction of JC muscles, we investigated the distribution and morphology of the VGLUT1+ and VGLUT2+ boutons on the JC γ-motoneurons by retrograde tracing with horseradish peroxidase, electron microscopic immunocytochemistry, and quantitative analysis.

MATERIALS AND METHODS
=====================

Labeling of JC γ-motoneurons and tissue preparation
---------------------------------------------------

All procedures involving experimental animals were following the guidelines of the National Institutes of Health and carried out with approval by the IACUC at the Kyungpook National University.

Four adult male Sprague-Dawley rats (300\~350 g) were injected into multiple sites of the right masseteric muscle with a total 8 μl of 30% isotonic solution of type IV horseradish peroxidase (HRP, TOYOBO, Japan) after intraperitoneal anesthesia with 40 mg/ kg sodium pentobarbital. Rats were re-anesthetized 48\~72 hours after the surgery and perfused through the aorta with a solution of 0.01% glutaraldehyde and 4% paraformaldehyde in phosphate buffer (PB; 0.1 M, pH 7.4). Tissue blocks containing the brain stem were fixed in the fixative used for perfusion for additional 2 hours, and 60 μm-thick transverse Vibratome sections were collected in PB and stored at 4°C. The HRP was visualized with tungstate and tetramethylbenzidine \[[@b7-en-28-451], [@b8-en-28-451]\] and sections of the brain stem at the level of the trigeminal motor nucleus (Vmo) were cryoprotected in 30% sucrose in PB overnight at 4°C.

Electron microscopic immunostaining for VGLUT1 and VGLUT2
---------------------------------------------------------

Double immunostaining for VGLUT1 and VGLUT2 was performed as previously described \[[@b6-en-28-451], [@b9-en-28-451]\]. Briefly, sections processed for freeze-thaw penetration enhancement were treated with 1% sodium borohydride, 3% H~2~O~2~, and 10% normal donkey serum. The primary antibodies (Guinea pig anti-VGLUT1, 1:2,000, Cat. No. 135 304, and rabbit anti-VGLUT2, 1:1,000, Cat. No. 135 402, Synaptic Systems, Göttingen, Germany) were applied overnight in a mixture at room temperature. The secondary antibodies (biotinylated donkey anti-guinea pig, 1:200, Jackson Immunoresearch, West Groove, PA, USA and donkey anti-rabbit IgG conjugated to 1 nm gold particles, 1:50, EMS, Hatfield, PA, USA) were also applied in a mixture for 2 hours. After rinsing, the sections were incubated with 2% glutaraldehyde in PBS for 10 minutes, IntenSE^TM^ silver intensification solution (Amersham, Arlington Heights, IL, USA) for 6 minutes, 0.1 M sodium acetate and PB for 10 minutes, and Ex-trAvidin peroxidase (1:5,000; Sigma-Aldrich, St. Louis, MO, USA) for 1 hour. The immunoperoxidase was then revealed with nickel-intensified diaminobenzidine. Processing for electron microscopy was performed as previously described \[[@b10-en-28-451], [@b11-en-28-451]\]. In brief, sections were osmicated (0.5% osmium tetroxide in PB, pH 6.0), dehydrated in ethanol, embedded in Durcupan ACM (Fluka, Switzerland), and cured for 48 hours at 60°C. Serial thin sections were cut on formvar-coated grids from areas of the wafers containing multiple HRP-labeled neurons, treated with uranyl acetate and lead citrate, and examined on a Hitachi H-7500 electron microscope at 80 kV. Digital electron micrographs were acquired with a CCD camera (SC1000; Gatan, Pleasanton, CA, USA), and saved as TIFF files.

Preadsorption with 15 μg/ml blocking peptides (VGLUT1 Cat. No. 135-30P, and VGLUT2, Cat. No. 135-40P, Synaptic Systems) or omission of primary or secondary antibodies completely abolished the specific staining.

Identification of JC γ-motoneurons
----------------------------------

Spinal or trigeminal γ-motoneurons are smaller in size and a smaller percentage of their somatic membrane is covered by synaptic boutons than α-motoneurons \[[@b4-en-28-451], [@b12-en-28-451]\]. We elaborated that further by showing that the somata of identified JC motoneurons had a diameter of around 22 μm, corresponding to γ-motoneurons, or around 42 μm, corresponding to α-motoneurons, and that the percent synaptic covering of γ-motoneurons is one fourth of that of α-motoneurons \[[@b4-en-28-451]\]. Based on these criteria, HRP-labeled JC motoneurons with \<22 μm in diameter and \<20% in synaptic covering percentage were identified as γ-motoneurons and selected for analysis.

Quantitative analysis
---------------------

The frequency of VGLUT+ boutons on somata and primary dendrites of identified JC γ-motoneurons and their synaptic coverage were analyzed in electron micrographs (20,000×) of every other section through entire VGLUT2 boutons on JC γ-motoneurons completely or nearly completely reconstructed from serial sections. Bouton volume and mitochondrial volume were computed from cross-sectional areas, and active zone areas were computed from lengths of active zones measured with a digitizing tablet and Image J software. Interanimal variability in the values of VGLUT1+ and VGLUT2+ boutons on each JC γ-motoneuron was not significant (one-way ANOVA), and the data could be pooled for the analysis. Differences of VGLUT+ boutons on JC γ-motoneurons vs. on α-motoneurons (data from our previously-published experiments; \[[@b6-en-28-451]\]) were analyzed with ANOVA and Scheffe's F-test; significance was set at p\<0.05.

RESULTS AND DISCUSSION
======================

With light microscopy, HRP-labeled JC motoneurons were observed in the dorsolateral part of the trigeminal motor nucleus (Vmo, [Fig. 1](#f1-en-28-451){ref-type="fig"}). With electron microscopy, the labeled neurons were identified by the presence of crystalline or amorphous deposits of HRP reaction product in the cytoplasm. VGLUT1+ boutons apposing HRP-labeled motoneurons were identified by the presence of electron-dense immunoperoxidase reaction product in the axoplasm, and VGLUT2+ boutons were identified by the presence of multiple gold-silver particles in the axoplasm; both VGLUT1+ and VGLUT2+ boutons contained many round vesicles ([Fig. 2](#f2-en-28-451){ref-type="fig"} and [3](#f3-en-28-451){ref-type="fig"}).

The frequency and percent synaptic covering of the VGLUT1+ and VGLUT2+ boutons on identified JC γ-motoneuron so-mata are summarized in [Fig. 3](#f3-en-28-451){ref-type="fig"} and [Table 1](#t1-en-28-451){ref-type="table"}. Analogous data on α-motoneurons collected from our previously-published experiments \[[@b6-en-28-451]\] are provided for comparison. About 35% of the 249 boutons on identified JC γ-motoneurons were VGLUT-immunopositive, and of those, 99% were VGLUT2-immunopositive. The fraction of VGLUT1+ boutons of all boutons contacting identified JC γ-motoneurons and the percentage of membrane covered by them were significantly smaller than those on the JC α-motoneurons (but the same as those on the JO α-motoneurons), whereas the synaptic covering percentage of the VGLUT2+ boutons on the JC γ-motoneurons was significantly lower than that of JO and JC α-motoneurons ([Table 1](#t1-en-28-451){ref-type="table"}).

The VGLUT2+ boutons on JC γ-motoneurons were uniformly small (0.2\~2.3 μm^3^), analogous to those on the JC α-motoneurons (0.7\~7.9 μm^3^), and the JO α-motoneurons (0.5\~3.9 μm^3^), and significantly smaller than the VGLUT1+ boutons on JC α-motoneurons (3.3\~29.8 μm^3^), the bouton features related to synaptic strength, including bouton volume, mitochondrial volume, and active zone area of the VGLUT2+ boutons on JC γ-motoneurons were significantly smaller than those of VGLUT1+ boutons on the JC α-motoneurons (but not different from those on the JO and JC α-motoneurons, [Fig. 4](#f4-en-28-451){ref-type="fig"}).

The findings of the present study, 1) virtually all (99%) VGLUT+ boutons on the JC γ-motoneurons are VGLUT2+, and 2) the bouton volume, mitochondrial volume and active zone area of the VGLUT2+ boutons on the JC γ-motoneurons are small and uniform, suggest that the JC γ-motoneurons receive uniformly-weak glutamatergic synaptic input almost exclusively from VGLUT2+ premotoneurons that form direct synapse with motoneurons.

Transection of the trigeminal motor root results in a loss of the VGLUT1+ puncta in the dorsolateral region of the Vmo, suggesting that the glutamatergic innervation of the JC motoneurons ultimately arises from the proprioceptive primary sensory neurons in the trigeminal mesencephalic nucleus (Vmes) that innervate muscle spindles \[[@b13-en-28-451]\]. Considering that γ-motoneurons do not receive direct proprioceptive input from muscle spindles \[[@b14-en-28-451]\], the VGLUT+ innervation of JC γ-motoneurons is likely to arise from intrinsic premotoneurons, not from Vmes neurons. That most of the VGLUT+ boutons on the JC γ-motoneurons were VGLUT2+ is analogous to the pattern of innervation of the JO α-motoneurons, but different from that of the JC α-motoneurons since a considerable fraction of the glutamatergic input to the latter arises from VGLUT1+ Vmes neurons \[[@b6-en-28-451], [@b13-en-28-451], [@b15-en-28-451]\]. This lends morphological support to the notion that the glutamatergic innervation of JC γ-motoneurons arises mostly from VGLUT2+ intrinsic premotoneurons, and that VGLUT2-mediated glutamate release mechanism may play an essential role for the excitation of JC γ-motoneurons and for the isometric contraction of JC muscle during food chewing \[[@b16-en-28-451]\]. The fraction of VGLUT2+ boutons of all boutons was similar between the JC γ- and α-motoneurons. Whereas the fraction of VGLUT1+ boutons was far smaller on the JC γ-motoneurons than JC α-motoneurons receiving proprioceptive inputs. This is comparable with that the fraction of inhibitory boutons (GABA+ and/or glycine+ boutons) is smaller on the JC γ-motoneurons than JC α-motoneurons \[[@b4-en-28-451]\]. It suggests that JC γ-motoneurons are more weekly regulated and receive less inhibitory synapses than JC α-motoneurons that receive strong excitatory synapse from VGLUT1+ large boutons of the proprioceptive neurons. In the light of some evidence that VGLUT2+ neurons in the principal trigeminal, spinal trigeminal, and supratrigeminal nuclei, and the pontomedullary reticular formation project to Vmo \[[@b13-en-28-451], [@b17-en-28-451]\], the VGLUT2+ boutons on the JC γ-motoneurons are assumed to arise from these brain regions.

In the brain regions including hippocampus and the cerebellum, VGLUT1 is found in synapses showing low release probability and high potential for synaptic plasticity and long-term potentiation; conversely, VGLUT2 is found in synapses with high release probability and low potential for synaptic plasticity and long-term depression \[[@b1-en-28-451], [@b18-en-28-451], [@b19-en-28-451]\]. If the same holds true for the trigeminal motor system, the virtually exclusively VGLUT2+ glutamatergic synapses on the JC γ-motoneurons may represent the lower propensity of this input for activity-dependent plasticity, perhaps reflecting the relatively poor adaptability of the evolutionally-old circuit dedicated to chewing of solid food.

The bouton volume, mitochondrial volume and active zone area of the VGLUT2+ boutons on the JC γ-motoneurons, all measures of synaptic strength, were uniformly small and similar to those of VGLUT1+ and VGLUT2+ boutons on the JO and JC α-motoneurons that originate from intrinsic premotoneurons \[[@b6-en-28-451]\], and different from those of VGLUT1+ boutons of the Vmes afferents \[[@b6-en-28-451]\] or primary sensory afferents, which are mostly large \[[@b6-en-28-451], [@b20-en-28-451], [@b21-en-28-451]\]. We interpret this to suggest that the glutamatergic input originating from intrinsic premotoneurons exerts a much weaker influence on the JC γ-motoneurons (as well as on JC and JO α-motoneurons) than glutamatergic input originating from proprioceptive primary afferents, and it may be involved in the fine regulation of isometric contraction of the JC muscles. In the present study, quantitative analysis of the VGLUT+ boutons was performed on the somata of the JC γ-motoneurons. Considering that surface area of the dendrites occupy more than 93% of the total surface area of motoneurons \[[@b22-en-28-451], [@b23-en-28-451]\], further study on the excitatory and inhibitory synapses in the dendrites of the JC γ-motoneurons is needed for thorough understanding of the regulation of the JC γ-motoneuron excitability.
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![Light (A, B) and electron micrographs (C) showing HRP-labeled, jaw-closing α-motoneuron (arrow) and γ-motoneurons (arrowheads) in the trigeminal motor nucleus (Vmo). B is an enlargement of the boxed area in A, and C is a further enlargement of the same field obtained with electron microscopy. Vp in A indicates the principal trigeminal nucleus. The boundaries of the motoneurons are outlined with a dashed line in C. Scale bars, 500 μm in A and 5 μm in C.](en-28-451-g001){#f1-en-28-451}

![Electron micrographs showing two (A\~C and D\~F) HRP-labeled, jaw-closing γ-motoneurons in the trigeminal motor nucleus (the reaction product of retrogradely-transported HRP is indicated by arrows), contacted by VGLUT1+ bouton (T1, peroxidase labeling) and VGLUT2+ boutons (T2, gold-silver labeling). B and C are enlargements of the boxed areas in A; E and F are enlargements of the boxed areas in D. The boundaries of the somata of the motoneurons and the VGLUT+ boutons in contact with them are outlined with a dashed line. Arrowheads indicate synapses. Scale bars, 2 μm in A and D, and 500 μm in B, C, E and F.](en-28-451-g002){#f2-en-28-451}

![Histograms showing the fraction (%, mean ± SD) of VGLUT+ boutons of all boutons (A) and their synaptic covering percentage (B) on the jaw-closing (JC) γ-motoneurons, jaw-opening (JO) and JC α-motoneurons. Single asterisk indicates significant difference between JC γ-/JO α-motoneurons and JC α-motoneurons (one-way ANOVA, p\<0.05) on VGLUT1+ boutons. Double and triple asterisks indicate significant difference between JC γ-motoneurons and JO/JC α-motoneurons (one-way ANOVA, p\<0.05) on VGLUT2+ boutons and VGLUT1+ or VGLUT2+ boutons, respectively. Data on JC and JO α-motoneurons are from our previously-published experiments and are provided for comparison \[[@b6-en-28-451]\].](en-28-451-g003){#f3-en-28-451}

![Histograms showing bouton volume (A), mitochondrial volume (B), and active zone area (C) of the VGLUT1+ and VGLUT2+ boutons on the jaw-closing (JC) γ-motoneurons and α-motoneurons and on the jaw-opening (JO) α-motoneurons. All parameters are significantly smaller for VGLUT2+ boutons than for VLGUT1+ boutons. Data on JC and JO α-motoneurons are from our previously-published experiments and are provided for comparison \[[@b6-en-28-451]\].](en-28-451-g004){#f4-en-28-451}

###### 

Frequency (%, mean ± SD) of VGLUT1+ and VGLUT2+ boutons and percentage of membrane covered by VGLUT1+ and VGLUT2+ boutons on the rat jaw-closing (JC) γ-motoneurons

                                           JC γ-motoneuron                                          JOα-motoneuron                                           JCα-motoneuron
  ---------------------------------------- -------------------------------------------------------- -------------------------------------------------------- --------------------------------------------------------
  No. of profiles examined (from 4 rats)   24                                                       204                                                      237
  Total membrane length examined (μm)      1084.6                                                   3742.1                                                   3934.2
  No. of all boutons examined              249                                                      1883                                                     1625
  **VGLUT1+ boutons**                                                                                                                                        
   No. of boutons                          1                                                        7                                                        59
   % of all boutons                        **0.4 ± 0.7**[a](#tfn1-en-28-451){ref-type="table-fn"}   **0.9 ± 1.1**[a](#tfn1-en-28-451){ref-type="table-fn"}   **5.8 ± 0.2**[a](#tfn1-en-28-451){ref-type="table-fn"}
   % of VGLUT1+ or VGLUT2+ boutons         1.1 ± 2.2[a](#tfn1-en-28-451){ref-type="table-fn"}       2.9 ± 3.6[a](#tfn1-en-28-451){ref-type="table-fn"}       15.2 ± 1.4[a](#tfn1-en-28-451){ref-type="table-fn"}
   synaptic covering percentage            0.02 ± 0.04[a](#tfn1-en-28-451){ref-type="table-fn"}     0.7 ± 0.9[a](#tfn1-en-28-451){ref-type="table-fn"}       4.8 ± 0.6[a](#tfn1-en-28-451){ref-type="table-fn"}
  **VGLUT2+ boutons**                                                                                                                                        
   No. of boutons                          85                                                       333                                                      342
   % of all boutons                        **34.3 ± 1.8**                                           **34.7 ± 5.3**                                           **32.8 ± 4.1**
   % of VGLUT1+ or VGLUT2+ boutons         98.9 ± 2.2[a](#tfn1-en-28-451){ref-type="table-fn"}      97.1 ± 3.6[a](#tfn1-en-28-451){ref-type="table-fn"}      84.8 ± 1.4[a](#tfn1-en-28-451){ref-type="table-fn"}
   synaptic covering percentage            6.0 ± 0.7[b](#tfn2-en-28-451){ref-type="table-fn"}       19.3 ± 2.9[b](#tfn2-en-28-451){ref-type="table-fn"}      16.3 ± 2.0[b](#tfn2-en-28-451){ref-type="table-fn"}
  **Total VGLUT1+ or VGLUT2+ boutons**                                                                                                                       
   No. of VGLUT1+ or VGLUT2+ boutons       86                                                       340                                                      401
   % of all boutons                        **34.7 ± 1.1**                                           **35.6 ± 4.3**                                           **38.6 ± 4.1**
   synaptic covering percentage            6.1 ± 0.7[b](#tfn2-en-28-451){ref-type="table-fn"}       20.1 ± 2.6[b](#tfn2-en-28-451){ref-type="table-fn"}      21.2 ± 2.4[b](#tfn2-en-28-451){ref-type="table-fn"}

indicates significant difference between JC α-motoneurons and jaw-opening (JO) α-/JC γ-motoneurons (one-way ANOVA, Scheffe's post hoc test, p\<0.05).

indicates significant difference between JC γ-motoneurons and JO/JC α-motoneurons (one-way ANOVA, Scheffe's post hoc test, p\<0.05). Data on JC and JO α-motoneurons are from our previously-published experiments and are provided for comparison \[[@b6-en-28-451]\].
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